the Indian wild melon "Trigonus" and the western elite cultivar 'Piel de Sapo'. Twenty-seven QTL were identified in at least two out of the three field trials. Six of them were also being detected in BC1 and BC3 populations derived from the same cross. Ten of them were related to fruit morphological traits, 12 to fruit size characters, and 5 to pulp content. The Trigonus alleles decreased the value of the characters, except for the QTL at andromonoecious gene at linkage group (LG) II, and the QTL for pulp content at LGV. QTL genotypes accounted for a considerable degree of the total phenotypic variation, reaching up to 46%. Around 66% of the QTL showed additive gene action, 19% exhibited dominance, and 25% consisted of overdominance. The regions on LGIV, VI, and VIII included the QTL with more consistent and strong effects on domestication-related traits. QTLs on those regions were validated in BC2S1, BC2S2, and BC3 families, with "Trigonus" allele decreasing the fruit morphological traits in all cases. The validated QTL could represent loci involved in melon domestication, although further experiments as genomic variation studies across wild and cultivated genotypes would be necessary to confirm this hypothesis.
Introduction
Melon (Cucumis melo L.) is an economically important fruit crop, with an average production during the past decade higher than 29 million tons per year (FAO 2017) . It is mainly cultivated in temperate and tropical countries, with all the major producer regions located in Asia, with China leading the list. The main producers outside Asia are the USA and Spain, which occupy the sixth and seventh positions, respectively, in world rankings (FAO 2017) .
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The origin of C. melo is still controversial as wild, noncultivated melons can be found in both continents of Africa and Asia. Until recently, the most widespread hypothesis placed the origin of the specie in Africa (Kirkbride 1993) , whereas Asia was considered an important center of diversification. However, recent studies revealed that C. melo is phylogenetically closer to a cluster of Asian/Australian wild species than to the African species (Sebastian et al. 2010) . Furthermore, the DNA of two C. melo wild forms present in India (usually named as Trigonus (TRI) and Callosus) were nearly identical to those of cultivated melons (Garcia-Mas et al. 2004) . The consensus has not been reached on this subject yet. In any case, typical wild melons show small leaves and flowers, and thin stems with numerous ramifications. Flowers are monoecious and fruits are oval to round shaped, small (20-50 g) with a very thin and inedible flesh surrounding small seeds (Pitrat 2013) . Recent studies have explored the genetic relationships within the species, genotyping up to 175 accessions and cultivars from as much as 50 different countries, which covered all the botanical groups of melon as well as wild African and Asian accessions, with SNP markers (Esteras et al. 2013; Leida et al. 2015) . African and Asian wild accessions are similar phenotypically, showing the typical wild melon characteristics but they are clearly genetically different, and they are more similar to cultivars from their respective continent than between them. These results suggest the possibility that at least two domestication events occurred, one in each continent. In fact, there are strong evidences showing that European and Asian cultivars diverged from the Indian subcontinent (Dhillon et al. 2007) , which means that their origin was in the wild Indian germplasm. High genetic diversity has been observed in Indian wild melons at phenotypic and genetic levels (Roy et al. 2012 ), in part due to frequent gene transfer between cultivated and wild plants, as numerous intermediate forms, as well as returns from domesticated to wild status ("feral"), are relatively frequent in this species (Pitrat 2012) . Thus, the melon domestication process was probably very complex, with genetic interchanges still occurring nowadays in local communities (Roy et al. 2012) .
The identification of key traits involved in the domestication helps to focus on the most relevant processes. These traits are generally classified as "domestication syndrome", including increase of vigor, loss of dormancy, reduction of branching, increase seed production, higher fruit/seed size, and removal of toxic compounds (Doebley et al. 2006; Meyer and Purugganan 2013) . A typical domestication syndrome trait is expected to be shared among cultivated genotypes and absent or in very low frequency in wild genotypes. Comparing cultivated with wild melons, some characters clearly differentiate them: fruits from cultivated melons are larger (ranging from several hundreds of grams to several kilograms), with a thicker edible flesh (in fact, the flesh is the part of the fruit that is consumed nowadays), and have also larger seeds (Pitrat 2013; Sabato et al. 2015) . Among these characteristics, the most important ones are probably the fruit size and the thickness of the edible flesh, as small-seeded cultivars can be found in Asia. It is also remarkable the absence of cucurbitacins in the domesticated fruits, that are responsible for the bitter taste of wild melons. Cultivated melons also show a wide range of fruit shapes (from slightly flat to extremely elongate), whereas wild melons are usually round to oval, so fruit shape seems to have been also an important trait during the evolution of melon cultivars.
The accession Ames 24294 (TRI) from North Central Regional Plant Introduction Station (Ames, Iowa, USA), previously classified as C. trigonus, although belonging to C. melo ssp. agrestis group agrestis according to Pitrat (2017) , shows all the typical characteristics of a wild melon (Monforte et al. 2005 ; Fig. 1 ), making it an appropriate choice to study the genetics of melon domestication. Thus, we decided to build a mapping population with it and the Spanish cultivar 'Piel de Sapo' (PS), belonging to C. melo ssp. melo inodorus market class or group ibericus (Pitrat 2017) . PS fruits are large, oval-shaped, with big seeds and a high content of sweet pulp (Monforte et al. 2005 ; Fig. 1 ). The quantitative trait loci (QTL) mapping strategy has revealed itself successful for the genetic dissection of some of these domestication-related traits in other crops, like rice, maize, sorghum, barley, wheat, soybean, sunflower, and tomato (reviewed by Olsen and Wendel 2013) . In the case of melon, a number of QTL have been identified for most of the traits cited above [reviewed in Díaz et al. (2011) and Monforte et al. (2014) ]. These studies have commonly been carried out in populations coming from the cross between members of the two different subspecies in melon, melo and agrestis. This is the case too of the mapping (Harel-Beja et al. 2010 ) and the ultimate identification (Cohen et al. 2014 ) of the pH gene responsible for the fruit acidity that explains the evolutionary history of sweet melons. However, to date, a wild ancestor of the cultivated melon had not been used to generate such populations. So, the aim of this study was to identify QTL responsible for characters with a crucial role in the process of melon domestication using a population derived from a domesticate-by-wild cross (PS × TRI), as well as the validation of their effects in advanced backcross populations.
Materials and methods

Plant material and trait evaluation
An F 2 population composed by 400 plants coming from the intraspecific cross PS (subsp. melo var. inodorus) × TRI (subsp. agrestis var. agrestis) was obtained for this study (Fig. 2) . PS is an andromonoecious cultivar while TRI is a monoecious melon type. Sex expression shows pleiotropic effects on fruit morphology, as monoecy leads to more elongated fruits (Monforte et al. 2005; Ramamurthy and Waters 2015) . Furthermore, epistatic interaction between the gene andromonoecious (a) and a QTL controlling FS (Fruit Shape) has been recently demonstrated . In order to mitigate the effect of the segregation of the a locus on the fruit morphology phenotypic diversity, the population was enriched with andromonoecious individuals by selecting them with the CAPS (Cleaved Amplified Polymorphic Sites) marker AluICAPS (Boualem et al. 2008) according to Díaz et al. (2014) . Finally, the F 2 mapping population consisted of 200 plants, 113 of them homozygous for the andromonoecious allele and the rest of them heterozygous or homozygous for the monoecious allele. The selected F 2 plants were maintained clonally in vitro, through multiplication by axillary branching and rooting as described in Gonzalo et al. (2011) , at Centre for Research in Agricultural Genomics (CRAG, Barcelona). Cloned plants were acclimated into seedling pots to perform three different experiments with the same cloned plants in two locations in Spain: Valencia and Zaragoza, in 2011 (E1 and E2, respectively) , and Zaragoza in 2012 (E3). In Zaragoza, 200 plots with three F 2 plants (from those maintained in vitro) each, together with five plots of three plants of the F 1 and each of the parents (PS and TRI), were randomized in an open field with irrigation at Centro de Investigación y Tecnología Agroalimentaria de Aragón (CITA) and allowed to open-pollinate during the summer of both years. Three fruits were collected from each plot. In Valencia, 113 cloned F 2 plants (all of them andromonoecious) and five plants of the F 1 and of each parent were grown in drip-irrigated peat pots in a greenhouse at the Polytechnic University of Valencia (UPV). Flowers were self-pollinated by hand and two fruits were collected from each plant.
Twelve traits were evaluated in the F 2 mapping population above described in the three different assays (Table 1) . Whole fruits and 100 dried seeds from each fruit were weighed. The remaining characters were measured on digital images of longitudinal sections of the collected fruits using the Tomato Analyzer 3.0 software (Brewer et al. 2006) . Principal component analysis (PCA) was used to determine the associations among the morphometric data (30 X and Y coordinates evenly distributed along the perimeter of the fruit section). Two components were extracted (PCA1 and PCA2) as together they accounted for more than 90% of the total variation in the dataset.
Percent mid-parental heterosis (MPH) was calculated using the data derived from a total of five replicates of each of the genotypes, F 1 and both parents, as follows: where F 1 , P 1 , and P 2 are the mean values of the F1, PS, and TRI, respectively, for the trait under study. The broad-sense heritability (H 2 ) was calculated following the approach described by Asins et al. (1993) for those cases in which the variances of the parameters are very different depending on the genotype (parents, F 1 and F 2 ). Briefly, the non-genetic or environmental variance (V e ) was obtained as a weighted average (1:1:2) of the parents and the F 1 variances. The genotypic variance (V g ) was estimated from the phenotypic variance among the F 2 progeny (V p = V g + V e ). Finally, H 2 was obtained as follows:
Pair-wise Pearson's correlation coefficient was calculated between the 12 traits with the data coming from the F 2 population in each assay independently and also across trials.
All statistical analyses were performed using JMP v11.1.1 software for Windows (SAS Institute Inc., Cary, NC, USA).
DNA marker analysis in the F 2 mapping population
DNA from the 200 selected F 2 plants was isolated from young leaves according to Doyle and Doyle (1990) , with slight modifications: 0.2% β-mercaptoethanol was added to the 2% CTAB buffer just before use, the washes were made with a buffer consisting of 76% ethanol and 10 mM ammonium acetate, and the pellet was dissolved in 30 μl of 1× TE plus 0.2 μl of 10 mg/ml RNAse A (New England Biolabs). The samples were genotyped with a total of 128 SNP-based markers (127 SNPs and 1 CAPS) chosen to cover all the genomes among those available in the literature (File S1). Genotyping with SNP markers was carried out using either the Illumina Veracode technology at Center for Genomic Regulation (CGR, Barcelona, Spain), or the Sequenom MassArray iPLEX system, followed by MALDI-TOF mass spectrometry at Servicio de Investigaciones Biomédicas, Unidad Central de Investigación (University of Valencia, Valencia, Spain). Amplifications of the CAPS marker AluICAPS (Boualem et al. 2008) were performed in 25 μl volume solutions containing 20 ng of genomic DNA, 7.5 mM Tris HCl (pH 9.0), 5 mM KCl, 2 mM (NH 4 ) 2 SO 4 , 2.5 mM MgCl 2 , 0.2 mM of each dNTP, 0.2 μM of reverse and forward primers, and 2.5 U of DNA polymerase (Biotools, Madrid, Spain). PCRs were carried out on a TC-512 thermocycler (Techne, UK) programmed with an initial denaturation step at 94 °C for 5 min, followed by 35 cycles of 94 °C for 30 s, 62 °C for 45 s and 72 °C for 1 min, plus a final elongation step at 72 °C for 5 min. A 10-μl volume of the AluICAPS PCR products
was digested with the restriction enzyme AluI (Fermentas, Fisher Scientific, Madrid, Spain), following the supplier's recommendations, and was separated by agarose gel-electrophoresis.
Linkage map construction and QTL analysis in the F 2 population MAPMAKER 3.0 (Lander and Botstein 1989) was used to construct the linkage map. The distances were calculated with the Kosambi function (Kosambi 1944) and the markers were associated with the group command at minimum LOD 3.0 as described in Díaz et al. (2014) . Finally, maps were drawn with MapChart version 2.2 (Voorrips 2002) . QTL analysis was carried out for each experiment (E1, E2, and E3) independently using Windows QTL Cartographer 2.5 (Wang et al. 2007 ) with the composite interval mapping (CIM, Zeng 1993) procedure. The LOD score threshold for a significant level p < 0.05 was obtained for each trait by a permutation test with 1000 resamplings. For all the significant QTL peaks, 2-LOD support intervals were shown.
The QTL terminology system coined by Díaz et al. (2011) was adopted. According to it, the first letters represent the trait abbreviation (Table 1) , followed by a "q" that stands for QTL, a letter to name the mapping experiment ("t", in this case), a digit designating the linkage group (LG) to which the QTL maps, a dot and a final number to differentiate several QTL controlling a trait in a certain experiment on the same LG, if that were the case.
QTL-by-environment (QTL × E) interactions were tested by calculating the least square means of each trait in a two-way ANOVA using the genotypic data from the marker at each QTL peak.
Epistatic interactions were assessed with the software QTLNetwork-2.1 (Yang et al. 2008 ) carrying out 1000 permutations to calculate the appropriate statistic threshold. Significant interactions were double-checked by two-way ANOVA in each environment with the markers closer to the QTL peak as factors.
Advanced backcross (BC) QTL analysis
To verify QTL effects and accelerate the introgression of potentially valuable QTL, the strategy "advanced backcross QTL analysis", conceived by Tanksley and Nelson (1996) , which combines the identification of QTL with the ultimate development of a variety, was adopted. The QTL analysis was carried out in several stages of the crossing program: BC1, BC2, and BC3. The populations consisted of 31, 127, and 65 individuals, respectively (File S2), grown in Valencia since 2010 to 2012. In all cases, a single F 2 plant was used to generate each family. Genotyping and map construction was carried out as described above for the F 2 population, employing 93 SNP-based markers (92 SNPs and 1 CAPS) in the case of BC1 and BC2, and 80 SNPs in the BC3 population (File S1).
QTL analysis was performed as reported above with either the composite interval mapping (CIM, Zeng 1993) or the Single-Marker Analysis (Soller and Brody 1976) procedure.
QTL validation
QTL at LGIV
In 2014, a marker-assisted selection of TRI and PS homozygous genotypes for marker CMPSNP352, located in the QTL region affecting FA, FD, FW, FL, and FS on LGIV (data not shown), was performed among BC3S1 seedlings from the selfing of a single plant heterozygous for the target region belonging to the 12M74 BC3 family (File S2). The experimental design consisted of eight blocks with two plants for each of the two homozygous combinations at the selecting marker (14M10A for TRI and 14M10B for PS alleles) and eight blocks of parental PS, fully randomized in a field at CITA (Zaragoza).
QTL at LGVI
The effects of the QTL located in LGVI were verified in two different experiments. In 2012, a preliminary assay was performed in a greenhouse at the UPV (Valencia, Spain). Eleven and 15 plants of two BC2S1 lines, 12M124, and 12M125, respectively (File S2), were evaluated for FA, FL, FS, FW, and PA. 12M124 and 12M125 carried the PS and TRI alleles in homozygosis for two markers in the QTL region (FR14P22 and CMPSNP107, both of them tightly linked to the peak marker PS_19-B07, data not shown), respectively.
In 2013, three full-sibling BC2S2 families were tested at CITA in Zaragoza (File S2), two of them homozygous TRI (13M1 and 13M2) and the third one homozygous PS (13M3) for the region containing the QTL in LGVI (CMP-SNP1021 and A_38-F04 used for the marker-assisted selection, File S1), as well as the parent PS. A randomized block design was adopted, with a total of 15 plants per family, distributed in 5 blocks of 3 plants for sibling family and 10 blocks for the control. The flowers were allowed to openpollinate and five fruits per plot were collected and phenotypically evaluated for the traits FA, FW, FL, FS and PA.
QTL at LGVIII
In 2012, 50 plants from the BC2S1 family 12M61 (File S2), with the regions harboring some of the putative QTL to validate segregating, together with 17 plants of the PS parent, were grown in drip-irrigated peat pots in a greenhouse in Paiporta (Valencia, Spain). Open-pollination was allowed and two fruits per plant were evaluated for the traits FA, FL, FD, FW, PA, and PT. The region represented by this BC2S1 family was that containing the QTL: faqt8.1, flqt8.1, fdqt8.1, fwqt8.1, paqt8.1, and ptqt8.1. The plants were genotyped with the SNP at the LOD peak in the QTL mapping experiment (CI_33-B09) and only the plants homozygous TRI or heterozygous were selected to be compared to the PS parental.
In 2014, TRI (14M11A) and PS (14M11B) homozygous were selected from a BC3 segregating family (12M76; File S2) using the marker CI_33-B09. The assay was carried out as described above for region at LGIV at CITA (Zaragoza) in 2014 too.
The cosegregation of marker genotypes and the phenotypes was assessed by ANOVA and Tukey mean comparison tests in all the validation experiments. When applicable, the respective mean contrast analyses were performed to determine the effect of the introgression and the background.
Results
Phenotypic variation in domestication-related traits
TRI and PS showed the expected contrasting phenotypes for characters that have played a key role during the domestication process, as FA, FL, FD, FW, PA, PT, and SW (Fig. 2, File S3 ). Even though some variations among trials were observed, the tendency in the means of those traits was consistent. The values of the traits reflecting size, like FA, FL, FD, and FW, were always one or two orders of magnitude higher in PS than in TRI, and the PS fruits were more elongated (higher values of FS), with a higher pulp content (higher values of PA and PT), and contain bigger seeds (higher values of SW) than those from TRI.
The values of the F1 showed clearly in the three assays that FA and FW exhibited a consistent recessive mode of inheritance, whereas FS was inherited in dominant (or "overdominant") fashion in this population (Table 1) . The remaining traits, FL, FD, PFB, DFB, PA, and PT showed additivity of the genetic effects. Broad-sense heritability (H 2 ) values were in general high for FA, FL, FD, FS, and FW, as reported previously . High values were also obtained for pulp-related traits, PA and PT. On the other hand, lower or non-significant H 2 values were obtained for PFB, DFB, and SW.
The correlation analysis generated very similar results in the three independent assays (Table 2) , especially between E2 and E3. For this reason and for clarity purposes, we will refer to the results observed in E3. The strongest correlations were observed between sizerelated parameters (Table 2) , like FW and FA (r = 0.99), FL and FA (r = 0.98), FW and FL (r = 0.95), and FW and FD (r = 0.93). In this sense, PCA1 explained mainly size variation as it was clearly and substantially correlated with those same traits, FA (r = 0.96), FL and FW (r = 0.95), and FD (r = 0.93), though it showed a moderate correlation with morphological parameters like FS (r = 0.73) and with measurements of the pulp content, like PA (r = 0.65). As PCA1 and FA seem to 
Linkage map construction
A total of 128 SNP-based markers were incorporated into a genetic map comprising 12 consensus linkage groups (LGs) that spanned 1581.6 cM of Kosambi map distance (Fig. 3) . The density of the map was of one marker every 12.4 cM with an average length of the interval between any two adjacent markers of 13.6 cM and the 83% of the intervals spanning less than 30 cM.
QTL mapping
A total of 27 QTL with stable effects in at least two F 2 trials were defined ( Fig. 3; Table 3 ): ten related to shape traits (four for FL, two for FD, three for FS and one for DFB), located in LGII, IV, VI, VIII and XI; 12 to size characters (four for FA, four for PCA1, and four for FW), in LGII, IV, VI, and VIII; and five QTL controlling pulp content (three for PA and two for PT) in LGV, VI, and VIII. QTL effects on top of
LGII were not detected in E1 probably because all the plants were andromonecious, so the pleiotropic effects of a on fruit morphology traits were not observed. Only in the case of the QTL faqt4.1, a significant G × E interaction (p < 0.05) was detected, although the QTL was detected in E1 and E2 with changes in the magnitude and dominance effects. LOD score values ranged from 2.86 (paqt6.1 in E2) to 15.29 (fsqt2.1 in E3). The tendency in terms of LOD score was maintained in most cases among environments or assays, with E2 being the one showing the highest values most frequently. The percentage of variation explained by the QTL (R 2 ) detected ranged from 3% (flqt4.1 in E3) to 46% (fwqt4.1 in E2). Six out of these QTL were already identified in some of the BC populations, where a total of 42 QTL were detected (File S5), 3 in the BC1 (faqt2.1, flqt4.1, and fsqt4.1) and the remaining 3 in the BC3 (flqt2.1, fdqt4.1, and fsqt2.1), all located either in LGII or LGIV. In all cases, the LOD values were higher in the F 2 population than in any of the BC ones for the same QTL, unlike the R 2 values, that resulted higher for most of these common QTL in the BC populations. In some cases, LOD peaks that did not reach the LOD threshold but mapped in the same region that QTL detected in the F 2 population were observed in the BC2 (paqt5.1) and BC3 (faqt6.1, faqt8.1, and fwqt8.1) populations (data not shown).
The markers flanking the QTL defined confidence intervals that span from 19.2 (flqt8.1, fdqt8.1 and pca1qt8.1) to 56.2 cM (paqt5.1 and ptqt5.1), though 48% of them cover distances shorter than 30 cM (Fig. 3) .
The additive effect (a) sign remained invariable across the different environments in all cases (Table 3) . For most QTL, the TRI allele decreased the value of the respective character. Interestingly, all the QTL detected in the upper end of LGII (faqt2.1, flqt2.1, fsqt2.1, fwqt2.1, and pca1qt2.1), with the LOD peak on gene a, showed a positive value additive effect, what means that the TRI allele increased the value of those traits. For QTL dfbqt11.1, the additive effect was negative, but since the inverse transformation was carried out with the data to achieve normality, that means that the TRI allele happened to increase the value of DFB. The other transformation carried out does not alter the direction of the additive effect as consisted of a conversion to logarithmic scale of PT data. So, the other case in which a effect had a robust positive sign was in QTL controlling the pulp content in LGV (paqt5.1 and ptqt5.1).
Gene action ratios ranged from −1.49 to 5.59 (Table 3) . No inconsistencies were found among the gene action values coming from different assays, being either the same or similar. Approximately 66% of the cases showed an additive gene action. Another 19% of the QTL exhibited either partial or total dominance, and in the remaining 25%, the gene action consisted of overdominance.
a The peak for the same QTL in different experiments was always located over the same marker or in adjacent ones b Transformed data to achieve normality used in the QTL analysis Some epistatic interactions between QTL controlling domestication traits and other chromosomal regions have been found. The most robust were those detected between the FW QTL located in LGVI (fwqt6.1) and a region upstream in the same chromosome (CMPSNP571) that resulted to be significant in both assays, E2 (p = 0.042) and E3 (p = 0.018); and the trans-interaction between the FW QTL at LGVIII (fwqt8.1) and a genomic region located in LGIX (CMPSNP895), that was highly significant in E2 (p = 0.007) and very significant in E3 (p = 0.02) (File S6). In both cases, the effect of PS alleles increasing FW on the major QTL (fwqt6.1 and fwqt8.1) was stronger when the epistatic QTL was homozygous for PS alleles. No epistatic interactions were detected among the main effect QTL. Gentoypic and phenotypic data for all three trials are available at File S7).
QTL validation
Among the detected QTL, we decided to focus on LGs IV, VI, and VIII as the effects of those QTLs were quite consistent among trials and the direction of the allelic effects were according to the expected for a domestication QTL (i.e., the wild allele decrease the fruit morphology trait).
QTL at LGIV
When the TRI and PS alleles in homozygosity for the QTL detected in LGIV were assayed in BC3S1 families (14M10A and B, File S2), significant differences (p < 0.01) in most characters were observed (Fig. 4) , except of FS. Furthermore, the plants homozygous for the PS allele (14M10B) did not show any significant difference when compared to the parent PS for any of the traits, indicating that in that advanced backcross family no other QTL involved in fruit morphology was present in the genetic background.
QTL at LGVI
Regarding the QTL found in LGVI, the preparatory assay performed in 2012 allowed us to confirm, even just visually (Fig. 5a) , that the BC2S1 family, homozygous TRI for the region (12M125), produced smaller and less elongated (with lower values of the FS index) fruits with reduced pulp when compared to the family homozygous PS (12M124) for the same QTL (Fig. 5b) . The lack of significant differences for FW is probably due to the low number of measures (missing data) as FA average values showed the expected significant differences between the two homozygous families.
In 2013, the QTL were validated in the full-sibling BC2S2 families 13M1-3 (File S2 and Fig. 6a ). Three contrasts were performed to address different questions: effect of the introgression on LGVI (13M1 and 13M2 vs 13M3), effect of genetic background on lines with the TRI introgression (13M1 vs 13M2) and without the TRI introgression (13M3 vs PS). With regard to the first question, 13M1 and 13M2 showed highly significant reduction of mean values compared with 13M3 for all the traits (Fig. 6b) , verifying the QTL for FA, FL, FS, FW, and PA identified in the F 2 population. The families 13M1 and 13M2 showed differences highly significant for FA and FW (p < 0.001), very significant for FL (p < 0.01), and significant for PA (p < 0.05), indicating the likely presence of other introgressions that may affect those traits, whereas non-significant differences were observed for FS. The effect of the genetic background was also evaluated comparing 13M3 with PS. Highly significant differences were observed for FA, FL, and FW (p < 0.001), but not for FS and PA. Thus, even though some genetic background effects were observed, the current results verify the previously detected QTL on LGVI.
QTL at LGVIII
The differences in all the traits under control of this region (FA, FL, FD, FW, PA, and PT) among the BC2S1 plants carrying the TRI allele, either in homozygosis or heterozygosis, and the parent PS, were highly significant and can be observed already in the preliminary assay carried out in 2012 (Fig. 7) . In all cases, no differences between the homozygous and heterozygous for the TRI alleles were observed (Fig. 7b) , so the presence of only one TRI allele is enough to reduce the average value of the character.
When the two contrasting homozygous for the region (14M11A and B) were compared, differences were observed for all the traits, except for PA and PT (Fig. 8 ). These differences were highly significant in the case of FW (p < 0.001) and very significant for FA, FL, and FD (p < 0.01). When the comparisons were made between the PS homozygous (14M11B) and the parent PS, the effects in FL were highly significant (p < 0.001), while for FD and PA were very significant (p < 0.01) and significant (p < 0.05), respectively. However, for some traits, like FA, FW, and PT, those differences were not detected between PS and the homozygous for the PS allele.
Discussion
Throughout the domestication process, a wide range of changes have altered the ancestral melon fruit form leading to the impressive phenotypic diversity of fruits nowadays known as melons. In the current work, we have focused on fruit traits to dissect them genetically and to understand better the domestication process in this species. MPH ranged from highly negative (FA, FW) to highly positive (FS), with low or absent in PFB, DFB, PA, and PT in the materials used in this study. The high value of the MPH could be a reflection of the great genetic divergence between the parent genotypes as it has been recently demonstrated at a genome-wide level with a dendrogram constructed with the data coming from a genotyping array with 768 SNPs (Esteras et al. 2013) . However, the fact that the amount of MPH is trait specific is indicating that there may be a biological reason for it. High positive MPH for FS is commonly observed in crosses between distantly related melon genotypes (Monforte et al. 2005) , as it is the current case. The most plausible explanation is that alleles inducing elongation are dominant over alleles inducing roundness, i.e., dominance complementation ). Traits showing low MPH or additive mode of action include those related to the pulp content (PA and PT). This may be relevant from a breeding point of view for increasing the edible portion of the fruit, as additive traits are easier to handle in breeding programs. MPH for FW is quite variable among melon hybrids, but in crosses between cultivated and wild genotypes, high negative MPH has also been reported (Monforte et al. 2005) . This last observation is also common in hybrids between wild and cultivated tomatoes (Monforte et al. 1997; Lippman and Ashrafi et al. 2012; Capel et al. 2015) . Fruit development requires a large amount of resources from the plant, and also, small size fruit favors seed dispersion, especially if it is carried out by small animals such as rodents and birds. Therefore, a selection pressure to maintain small fruits is expected in natural populations. The dominance of alleles inducing small fruits over those producing larger fruits would have a selective advantage, especially for outcrossing species as are wild melons, which might explain the high negative MPH observed for FW.
The strongest correlations were found among some pairs of traits such as FL, FW, and FA, which should be expected as they are components of fruit size. Lack of correlation between pulp-related traits (PA and PT) and the other ones seems to imply that the fruit size and shape do not influence the relative pulp content. In theory, this would allow selection for small fruit size without loss of pulp relative area. Similarly, SW does not show any correlation with other traits, not even those related to the size of the fruit: quite the opposite to what has been suggested by other authors in some melon and pumpkin cultivars (Nerson and Paris 2000) . This is supported by the absence of SW QTL in the same location as fruit-size controlling QTL. This could allow for genetic dissociation of these groups of traits, as it has been suggested in grapevine (Doligez et al. 2013) , even if domestication and artificial selection has favored larger and heavier seeds in melon, as in most cultivated plants. The fact that SW QTL were not been detected in the F 2 or BC populations, even though the parents show marked differences in their values for this character, could be due to the existence of a number of QTL with low to moderate contributions to the phenotypic variance (in fact H 2 is non-significant in E3) that would not, therefore, have been detected as significant.
Regarding the genetic map built in this study, no changes in the chromosome assignment were observed and the relative order of the markers was maintained in almost all cases when compared to SNP maps recently developed Perpiñá et al. 2016) and with the melon consensus map (Díaz et al. 2011 (Díaz et al. , 2015 . The marker density and the gap length are on the order of those maps described in melon with similar numbers of markers (Fazza et al. 2013) but, as expected, they are lower in terms of marker density than those reported in highly saturated maps (Deleu et al. 2009; Díaz et al. 2011) .
Four clusters of QTLs involved in domestication traits have been identified, potentially resulting from linkage and/ or pleiotropy. The QTL cluster on LGII is most likely due to pleiotropic effects of the gene a (Périn et al. 2002; Díaz et al. 2014) , responsible for sex determination in melon flowers (Kenigsbuch and Cohen 1990) , coding for a member of the 1-aminocyclopropane-1-carboxylic acid synthase gene family (Boualem et al. 2008) , and not directly involved in the domestication processes. This suggests that as few as three QTL clusters have been found as candidate to be involved in domestication, in general with high R 2 , which points to the major changes that occurred during melon domestication may not have a very complex genetic control, as observed in other crops (Doebley et al. 2006 ). Among the domestication traits studied here, size is one of the most relevant. In this sense, the three FW QTL identified in this study map in the same chromosomal region as others previously described (Table 4) . Thus, fwqt4.1 maps in the same region harbored by the line SC4-3 that carried introgressions of the exotic PI 161375 accession into PS and showed an important reduction in FW ). In the case of the FW QTL found in LGVIII (fwqt8.1), the ILs SC8-1, and SC8-2, with PI 161375 introgression in the same PS chromosome, also reduced FW . FW effects have also been associated with LGVI in the IL SC6-3 (Fernandez-Silva et al. 2010) that carries an introgression of PI 161375 in PS background, in the same region where fwqt6.1 has been mapped here. The strictest definition of a domestication locus implies that the domesticated allele should be fixed, or nearly fixed, in the cultivated germplasm. In melon, a more detailed QTL map and further studies are needed to be able to distinguish between domestication and diversification alleles for FW. Nevertheless, among the FW QTL detected in the current study, fwqt8.1 has some genetic properties that make it a good candidate to be an actual domestication locus. Its genetic effects are strong (R 2 ~20% in F 2 populations, and it reduced FW more than 50% when introduced in the PS background, see Fig. 8 ) and the wild allele is dominant over the cultivated allele (d/a ratio is negative in F 2 , population, Table 3 ), and in advanced backcross generations, homozygous TRI and heterozygous are indistinguishable regarding the FW, see Fig. 7 ). The lack of significant differences between the homozygous and heterozygous for the TRI allele at QTL located in LGVIII for any of the traits (Fig. 8b) suggests that the TRI allele is acting as the dominant one, though further experiments would need to be carried out to verify this point.
Furthermore, the positions of all FW QTL found in this work agree with those reported by Monforte et al. (2014) in the meta-analysis that anchored most of the size and shape QTL previously published on melon on the genome sequence. That study allows us to verify that FW QTL described here colocalize also with homeologous sequences of tomato genes controlling the shape and/or size, like SUN (in the case of fwqt2.1 and fwqt4.1), OFP, CNR, and WOX (in the case of fwqt8.1). The OFP (Ovate Family Proteins) genes regulate the tomato elongation (Liu et al. 2002) , whereas the CNR (Cell Number Regulator) family of genes controls the fruit size in tomato (Frary et al. 2000) , as well as in other species. The WOX (WUSCHEL-related homeobox) family of genes has been described to control the (Muños et al. 2011 ). In the regions containing size QTL at LGIV (pca1qt4.1 and fwqt4.1), a tomato homeologous gene that regulates the fruit size has been found in the melon sequence (CmCNR2). Similarly, other members of the CNR family (CmCNR4, 6, 7) are located in the region at LGVI that harbors size-related QTL (faqt6.1, fwqt6.1 and pca1qt6.1). In the case of fwqt8.1, homeologous genes to some that control the size in tomato have been discovered, like Wuschel (CmWuschel3) and KLU/FW3.2 (Cmfw3.2-5), the latter regulating the cell division in tomato fruits.
In the case of FS, most of the QTL discovered in this study have been previously observed in the same or adjacent regions using different mapping populations (Table 4) : fsqt2.1 (Périn et al. 2002; Paris et al. 2008; Díaz et al. 2014) , and fsqt6.1 (Díaz et al. 2011) . Other QTL for FL (flqt4.1) found here match those previously reported in the same location Díaz et al. 2011) . Interestingly, a few genes that have been reported to play a role in the tomato fruit shape have been identified in this same (CmSUN10) and neighboring region (CmOFP4, 5) in the melon genome (Table 5) (Garcia-Mas et al. 2012) . This is partly a reflection of those traits being the most frequently included in QTL identification studies.
Genes controlling the pulp content could have played an important role in the melon domestication history as well. QTL for traits related to pulp content, such as PT, have been found in a limited number of studies (Obando et al. 2008; Paris et al. 2008 ), but in the same positions as those reported here in LGV and VIII. The QTL for PT Obando et al. (2008) and Paris et al. (2008) , respectively (Table 4) . A QTL for relative pulp thickness has also been reported in the LGVI region (Obando et al. 2008 ) in which we have found a PA QTL (but not for PT). The lack of more matches in the case of QTL for pulp content-related traits is probably due to the fact that this character has not been frequently measured in the published melon QTL studies. For most traits, the TRI alleles decrease the value of such characters. Therefore, these QTL are good candidates for searching gene regions involved in the processes of melon domestication and evolution. Among the QTL in which the TRI alleles act increasing the value of the character are those controlling the pulp content at LGV (paqt5.1 and ptqt5.1). This robust positive effect could render direct benefits from a breeding perspective, as an increase in the edible pulp content is always a desirable feature, regardless the size of the fruit.
In many cases, genotypes at a marker locus accounted for a considerable degree of the total phenotypic variation, reaching up to 46% in the case of the one linked to fwqt4.1. In fact, there were only two minor QTL (R 2 < 10%) when all the environments are considered, ptqt8.1 and pca1qt4.1. In all cases, except for flqt4.1 and only in E3, the R 2 values were greater than 5%. This, together with the fact that the QTL × E is not significant in almost all cases, makes them good specific targets for breeding programs. In fact, the idea of using wild accessions in melon breeding is becoming more attractive since Qi et al. (2013) found that the genome-wide reduction in genetic variability caused by domestication and bottleneck is more severe in some members of the Cucurbitaceae family (i.e. watermelon and cucumber) than in some grain crops (rice, maize, and soybean).
The additive mode of gene action is the most frequently observed in this study, followed by dominance (partial or complete). However, real overdominace is a very rare event. In this sense, the apparently overdominant loci could be the result of the linkage of several partially dominant QTL that affect the same trait.
The most robust QTL detected in all three trials were those located in the regions at LGIV, VI, and VIII. Most of them were validated in advanced backcross families (BC2S1, BC2S2, and BC3). In those cases, the phenotypic differences observed in plants carrying the exotic allele were always statistically significant when compared to those that carried the PS allele or to PS itself. At LGIV, only the QTL for FS (fsqt4.1) did not show any significant difference when the two homozygous lines (14M10, Fig. 5 ) were compared, which could be due to the fact that the introgression in the plant used to originate them did not harbor the whole genomic region containing such QTL.
The effects of all QTL at LGVI were verified in the validation assays, even when the effects of introgressions other than that of the QTL at LGVI were revealed by comparing 13M1 and 13M2. It is still valid to conclude that the differences found between 13M1-2 and 13M3 are mainly due to the target introgression of QTL at LGVI, as they are between three and six orders of magnitude higher than the ones between 13M1 and 13M2 (data not shown). This is especially true in the case of FS and PA, in which the effects of those undesired introgressions are non-significant and just significant, respectively. This could be indicative of the selection of the PS allele (or the alleles of other cultivars, in general) in modern western melon cultivars during domestication.
A possible explanation for the lack of verification of the QTL paqt8.1 and ptqt8.1 is that the genetic intervals of these two QTL are not entirely included in the families used for the validation (14M11, Fig. 3 ). On the other hand, the homozygous TRI and PS showing similar mean values for some traits may be due to the special environmental conditions of the summer of 2014 in Zaragoza. The relatively low temperatures might have affected PS fruit set and growth, as this cultivar is quite sensitive to relatively low temperatures. That did not invalidate the comparison between the contrasting homozygous.
Currently, introgression lines for these QTL are being generated, what should contribute to their fine mapping and molecular cloning.
Conclusions
The QTL mapped here provide candidates to further investigate the genetic basis of traits under domestication during melon crop evolution. The comparison of genome-wide variations between cultivated and wild melon accessions, such as those used in this work, could shed some light on this by identifying domestication sweeps (reduction or elimination of variation by artificial selection that has conducted to a high uniformity), hopefully in these same areas and, more than likely, also in others controlling domestication-related traits not addressed here. A deeper knowledge of the domestication process gains importance when it comes to choose the germplasm to study. In this sense, the comparison of Asian and African wild accessions, and the cultivars and landraces derived from them, would clarify some unanswered questions, such as whether several independent domestication events have occurred, and, in that case, whether the same genomic regions have been the target in both domestication histories. Domestication and selection have reshaped and hugely altered the size of melon fruits. So, the identification of the QTL responsible for it will allow breeders to perform this selection in an even more directed way. A step further consists of detecting the linkage drag associated with the introgression from wild accessions in order to minimize it.
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